Abstract. This paper introduces a master-slave control method of teleoperating a redundant manipulator with double handles. The master handles send motion commands in the form of increments. The mapping module transforms the commands into homogeneous matrices. And the slave manipulator links discrete motion commands in the mode of PVAT automatically, by inverse kinematics and fifth-order polynomial interpolation. Simulations and experiments are taken to prove the effectiveness of the control method in the paper.
Introduction
In recent years, teleoperation technology has been a research hotspot in the field of robot control. The technology can make an operator and a robot play to their respective strengths, and can bring about superior performance to a robot control system. On the one hand, it extends the operator's perceiving and operating abilities, allowing him to complete dangerous tasks in a Safer environment. On the other hand, it improves the robot's adaptive ability, allowing it to work in non-structural environments [1] .
The control modes of teleoperation include master-slave control, shared compliance control, supervisory control and so on. The master-slave control is the most basic and the most important one among them. Manipulators are the main control objects of teleoperation systems. And redundant manipulators are more suitable for complex, non-predictable tasks, because of the advantages of avoiding singularity, avoiding obstacles, overcoming joint limits and improving dynamic performance [2, 3, 6] , brought by the redundant DOF (degree of freedom). Thus, it has great significance to research the master-slave teleoperation method of redundant manipulators.
In this paper, a kind of redundant manipulator with common structure is researched, and is teleoperated in the master-slave mode with two 3-DOF handles. The research work is focused on the mode of master handles sending motion commands, the method of transforming the commands into identifiable form to the manipulator and the mechanism of the slave manipulator responding to the motion commands.
Framework of Teleoperation System
The framework of teleoperation system is shown in Fig. 1 . The operator produces motion commands with the handles. The commands are transformed into expected movement expressions for the slave manipulator. Then, the manipulator carries out the expected movement and Interacts with the environment. And the environment gives feedback perceptible to the operator. Fig. 1 The framework of teleoperation system
The frequency of the master handles is relatively low, so as to alleviate the communication link's pressure and reduce time delay's impact on the system performance. The slave manipulator runs with a relatively high frequency, and has a certain degree of autonomy. It can connect adjacent target points of expected movement automatically.
Master Handles
Two 3-DOF handles are adopted as the master of the teleoperation system. They control the position and the posture of the manipulator end respectively. A 3-DOF handle is shown in Fig. 2 . Its gripper can move freely in three directions of x, y and z in the work space. The benefits of double handles compared with one single handle contain: 1. The position and the posture can be controlled separately. When the operator controlling either, the other will not be affected or affect the former. 2. Two 3-DOF handles are much cheaper than one 6-DOF handle. Using double handles will save costs.
Specify motion commands in increments. Record the increments of two handles 1
∆ within a sampling period T, and send them to the mapping module. The reason of adopting increments is: Specifying motion commands in absolute values can not guarantee that the position specified by the master handles and the position of the slave manipulator end are corresponding at the moment of the system starting to work. Then the position and posture of the slave manipulator will probably change suddenly when the manipulator starts to perform the first motion command. That is, the slave manipulator is uncontrollable. Specifying motion commands in increments makes the master position and the slave position have no correspondence, and can overcome the drawback mentioned above.
Mapping Module
Multiplying the increments of handle 1 by corresponding gains derives
Regard them as the position increments of the slave manipulator end in the sampling period directly. Multiplying the increments of handle 2 by corresponding gains derives In this case, the transformation matrix from the manipulator base coordinate system to the target position and posture of the manipulator end is Advanced Materials Research Vols. 694-697 1691 (   1  0  0  0   2  2  2  2   2  2  2  2   2  2   2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2  2   2  2  2  2   2  2  2  2  2  2  2  2  2  2   2  2  2  2  2  2  2  2  2 
In which, 0 0 t T is the transformation matrix from the manipulator base coordinate system to the manipulator end coordinate system at the start moment of the sampling period.
And the speed of the manipulator end is
Slave Redundant Manipulator
Configuration and coordinate systems. The configuration and the coordinate system establishment of the slave redundant manipulator is shown in Fig. 3 .
(a) (b) Fig. 3 The configuration of the slave redundant manipulator (a) and its coordinate system establishment (b) Inverse kinematics. Inverse kinematics of the manipulator adopts the method of 2-phase calculations [3] . The first phase is gradient projection method [4] ; the second phase is geometrical method [5] .
Gradient projection method: [6] . Their optimization effects are respectively: singularity avoidance, obstacle avoidance, joint angle limit avoidance. 
The solving flow of geometrical method is shown in Fig. 4 . see [5] for detailed algorithm. Fig. 4 The solving flow of geometrical method Implement Motion commands. After getting θ with inverse kinematics, the next problem is how to drive the joints of the manipulator to the target positions. Control each joint separately, and synchronize the joints with the host computer. For one single joint, decompose its movement for one step of motion command into several segments by interpolation. For each segment, appoint the target position, velocity, acceleration, and the motion time. The method is called PVAT (positon, velocity, acceleration and time). Thus, a series of discrete motion commands can be changed into continuous movement through proper PVAT.
About the movement for one step of motion command, calculate the values of PVAT with the method of fifth-order polynomial [7] .
( ) (10)
In which, S denotes the joint angle; v denotes the joint velocity; a denotes the joint acceleration; t is unitized time; real t is real time; total t is total time of the joint motion. The start point of the movement for one step of motion command can be expressed as 
Summary
This paper introduces a master-slave control method of teleoperating a redundant manipulator with double handles. The master handles send motion commands in the form of increments. And it solves the problem that the position and posture of the slave manipulator may change suddenly when the manipulator starts to perform the first motion command. Through the inverse kinematics using 2-phase calculation method and the interpolation using fifth-order polynomial method, the slave manipulator can change discrete motion commands into continuous movement in the mode of PVAT automatically.
Simulations and experiments are taken. The simulation results prove that the motion command implementation method of the slave redundant manipulator has no theoretical error. And the experiment results show that the master-slave teleoperation of the system will produce accumulated errors. The reasons of the errors are that the motion commands of the teleoperation system are produced with incremental method, that there is fluctuation in the time delay of the system and that there are errors in the practical implementation of motion commands for the slave manipulator. However, producing motion commands with incremental method brings another advantage: the positions of master and slave can be set to corresponding again at any time, for there is no position correspondence between the master and the slave.
